Recent studies of neurotrophin knockout mice shed light on the distinct requirements for neurotrophins in the central as compared to the peripheral nervous system. These findings reveal pleiotropic roles for neurotrophins including roles in neuronal patterning and differentiation.
The precise organization of neurons and their connections-essential for all neurologic functions-is established during development. Individual neurons must differentiate, send their axons to the appropriate targets, and form mature synapses. In addition, programmed cell death is employed to eliminate excess neurons and those that have failed to make proper synaptic connections. Neurotrophins (NTs), a family of structurally and functionally related peptide growth factors, are highly expressed in the central and peripheral nervous systems (CNS and PNS) and have been implicated in all of these processes. 1 Classically, NTs are viewed as target-derived factors essential for the survival of PNS neurons; competition for limited amounts of NT leads to the elimination of excess neurons and thus allows for the appropriate matching of neurons to target. 2, 3 Supporting this view, whole populations of PNS neurons are absent in mice with targeted deletions of individual NTs (knockout mice). [4] [5] [6] [7] Surprisingly, however, these NT knockout mice appear to have grossly normal brains and spinal cords; this suggesting that NTs have a lesser role, if any, in the regulation of CNS development. In order to understand better the function of NTs in the CNS, we have examined the cerebellum of mice lacking one particular NT: brain-derived neurotrophic factor (BDNF).
Mice lacking BDNF (BDNF −/− mice) are ataxic and display uncoordinated movements. While the ataxia of BDNF −/− mice has previously been ascribed to the vestibular system, 7 a PNS structure, we have found both behavioral and anatomic evidence for cerebellar involvement. Initially, we examined the gait of the BDNF −/− mice in a 'paw print assay' and found that their base was 1.5 times wider than that of their wildtype litter mates ( Figure 1 ). As a wide-based gait is suggestive of a cerebellar-type ataxia, we decided to characterize further their cerebellar cortex.
The cerebellar cortex is composed of relatively few The well documented development of the cerebellum and the relatively simple cerebellar anatomy have allowed us to define precisely cerebellar abnormalities in the BDNF −/− mice. Given the high levels of BDNF expression in the cerebellum, we postulated that BDNF may be one of the factors involved in the survival of granule cell precursors; indeed, BDNF −/− mice have a three-fold increase in granule cell death compared to their normal siblings. 8 In accordance with increased granule cell death we found that the IGL is sparser and less populated by granule cells. Curiously, the EGL of these mice persists longer than normal, perhaps indicative of increased proliferation of granule cells in response to their own increased cell death. The Purkinje cells of these mice are abnormal as well and have extremely stunted dendritic trees (see Image section). Together, these cellular changes result in altered thicknesses of each layer of the cerebellar cortex. Additionally, we found an unexpected defect in foliation, 8 the stereotyped pattern of folds and sulci of the cerebellar cortex. This defect may result directly from one cellu- Figure 1 Paw prints of P8 BDNF mice. Previous studies have found that BDNF −/− mice display an abnormal gait and uncoordinated movements, but this ataxia has been ascribed to vestibular dysfunction. (a-c) Paw prints from wild-type, heterozygous and BDNF −/− respectively. BDNF −/− mice are unable to walk in a straight line, and tend to circle and fall. (d) On rare occasion mutant mice would walk a short linear distance before circling or toppling over. The distance between the left and right paws in the mutant is 1.5 times that of the wild-type, even though the mutant mice are significantly smaller in size than their wildtype litter mates. While the circling movements are suggestive of vestibular abnormalities, the wide-based stance is indicative of cerebellar dysfunction in the BDNF −/− mice. lar abnormality (eg, increased granule cell death or stunted Purkinje cell dendrites), or reflect a combination of several cellular and molecular defects.
What is the relationship between these defects and cerebellar dysfunction? The decrease in granule cell numbers may lead to inadequate stimulation of Purkinje cells, interfering with cerebellar output. Alternately, there may be an appropriate number of cellular connections, but the synapses themselves may be immature, abnormal or inappropriately localized. Defects in synaptic transmission can be due to diminished numbers of viable synapses or alterations in synaptic efficacy. BDNF has been shown to regulate both these processes elsewhere in the brain, particularly in the hippocampus. 9 Further ultrastructural and electrophysiologic studies will be needed to determine which mechanism underlies the functional and behavioral abnormalities observed in the BDNF −/− mice.
Whatever the precise mechanism involved, the abnormalities in the cerebellum of BDNF −/− mice, and the findings of a number of recent studies of NTs in the CNS, support a revision of the classic model of NT function. First, absence of a NT in the CNS does not lead to large-scale death as it does in the PNS; this difference may reflect a number of biochemical and anatomical differences between these two divisions of the nervous system. For example, CNS neurons often express two or three different NTs or NT receptors, and thus the elimination of one particular NT or its receptor may be compensated for by the other members of the family. 10 The existence of such compensatory mechanisms was recently demonstrated by Minichello et al. 11 Mice lacking either the BDNF receptor (TrkB) or the NT3 receptor (TrkC) each have a three-fold increase in granule cell death (similar to BDNF −/− mice). When these mutants are cross-bred, the resulting TrkB/TrkC compound mutants have a 15-fold increase in granule cell death; this suggests that NTs are required for CNS neuronal survival, but that BDNF and NT-3 can each only partially compensate for the loss of the other. Second, our data support expanding the role of NTs to include developmental processes beyond simple survival and replication. Such processes include differentiation of neurons, elaboration of axons and dendrites, synaptic maturation, and even pattern formation, all of which are defective in the BDNF −/− mice.
Understanding the role that NTs play in the regulation of CNS development has clear implications for human disease. Children with congenital hypothyroidism, for example, are ataxic, have increased cerebellar granule cell death, decreased Purkinje cell dendritic arborization, and defects in cerebellar foliation-findings strikingly similar to those of the BDNF −/− mice. Although the precise etiology of these defects is unclear, hypothyroidism in mice has been associated with decreased levels of BDNF and NT-3, and recent studies have shown that these defects can be corrected through the infusion of exogenous NTs. 12 It is to be hoped that studies such as these will reveal the role of NTs in several human neuropathologies.
